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In order to understand universal nature of turbulence, we performed large-scale direct numerical simulations (DNS's) of
canonical incompressible turbulence on the Earth Simulator, including those of (i) turbulence in a periodic box and (ii) turbu-
lent Ekman boundary layer. The DNS data were analyzed to study (i) the decay of isotropic turbulence and (ii) Reynolds num-
ber dependence and the three-dimensional characteristics in the turbulent Ekman boundary layer. Data analyses based on a
wavelet-based method and those based on the multifractal model of turbulence were also made by using data obtained by the
high-resolution DNS of forced incompressible turbulence in a periodic box.

We also performed numerical simulation of turbulent flows on the ES from the view point of engineering applications. We
made a large eddy simulation for urban turbulent boundary layer. The information obtained by the LES will be utilized to
solve the recent environmental problems such as air pollution and heat island in the urban area, also to establish the secure and
safe society against the hazardous gasses at the center of city. We also made a detached eddy simulation (DES) for wake flow
fields of a wind turbine. Aerodynamic performance and structure of wake flow behind a wind turbine were predicted for some
wind speeds.
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1. High-resolution DNS's of incompressible turbulence  pressible turbulence were performed on the ES with the
in a periodic box number of grid points up to 1024°[1]. There are two canoni-
High-resolution direct numerical simulations (DNS's) of  cal cases in the decay of freely evolving turbulence. One is

incompressible turbulence are effective in studying universal E(k—0)~Lk* and the other is E(k—0)~Ik*, where E(k) is the

nature of turbulence because they provide us with detailed energy spectrum, k the wavenumber, and L and 7 the
data of high-Reynolds-number turbulence free from experi- Saffman and Loitsyansky integrals respectively. We focused
mental uncertainties. Here we present results obtained by a on the second of these. The DNS's were performed in a peri-
recent numerical experiment using the DNS of incompress- odic domain whose dimensions, /, , are much larger than the
ible turbulence in a periodic box [1] and those obtained by integral scale of the turbulence, /. It found that, provided that
recent data analyses based on the DNS of forced incom- [,,. /l and the Reynolds number are much larger than unity, /
pressible turbulence in a periodic box with the number of  tends to an (almost) constant value and Kolmogorov's classi-
grid points up to 2048* on the Earth Simulator (ES) [2]. cal decay law, u> ~t7'%7, holds true as the turbulence matures.

The approximate conservation of / in fully developed turbu-

1.1 The decay of isotropic turbulence lence implies that the long-range interactions, as measured
In order to investigate the decay of freely evolving by the triple correlations, are very weak.

isotropic turbulence, direct numerical simulations of incom-
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1.2 Data analysis based on a wavelet-based method

A wavelet-based method to extract coherent vortices is
applied to data obtained by DNS of three-dimensional
homogeneous isotropic turbulence performed for different
Taylor microscale Reynolds numbers, ranging from R =167
to 732, in order to study their role with respect to the flow
intermittency.

As the Reynolds number increases, the percentage of
wavelet coefficients representing the coherent vortices
decreases, i.e. flow intermittency increases. Although the
number of degrees of freedom necessary to track the coher-
ent vortices remains small, they preserve the nonlinear
dynamics of the flow [3]. We observe a strong scale-by-
scale correlation between the velocity field induced by the
vortices and the total velocity field over the scales retained
by the data [4]. It is thus conjectured that the wavelet repre-
sentation could significantly reduce the number of degrees
of freedom to compute fully-developed turbulent flows as
the Reynolds number increases.

1.3 Data analysis based on the multifractal model of turbulence

Several intermittent fields coexist in a high-Reynolds-
number turbulence. To characterize the mutual relation
between intermittencies associated with the measures ¢ (rate
of energy dissipation) and €2 (enstrophy), a multifractal
analysis based on € and £ in isotropic turbulence is made by
using high-resolution direct numerical simulation of turbu-
lence with the number of grid points up to 2048%[5]. The
analysis shows that the singularity exponents « and o' that
characterize the intermittencies associated with & and Q,
respectively, agree well with each other in the inertial sub-
range, and also that the correlation coefficient p between o
and o' is approximately 1.0 in the inertial subrange. These
results are consistent with log ¢ and log & correlating well
with each other for the scale r in the inertial subrange, where
the subscript denotes the local average over a cubic domain
of size r. Note that the correlation coefficient p between o
for (du,/dt)* and o for w? obtained from atmospheric data at
high Reynolds number was approximately 0.3[6]. The differ-
ence between p~0.3 for (du,/dt)* and w? and p~1.0 for £ and
€ presents an example that the statistics obtained experi-
mentally, using the one-dimensional surrogates, are different
from the original ones.

2. DNS's of turbulent Ekman boundary layer

Rotation is one of the factors which affect the planetary
boundary layer. The boundary layer under the effect of the
system rotation is called the Ekman boundary layer. (EBL)
The Ekman boundary layer is three-dimensional flow in
nature, in which three forces are balanced, i.e., the pressure
gradient, viscous and the Coriolis forces.

In the present study, we calculated DNSs of the neutrally
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stratified turbulent Ekman boundary layer up to the Reynolds
numbers of Re, = 1393 where Re, is based on the geostrophic
wind, the kinematic viscosity and Coriolis parameter. Our
objective is to investigate Reynolds number dependence and
the three-dimensional characteristics in the turbulent Ekman
boundary layer, and to obtain its DNS database.

Fig. 1 shows the database site on the turbulent Ekman
layer at Tokyo University of Science [7]. Turbulence statis-
tics such as the profiles of the mean velocity, the Reynolds
stresses and the budgets of the Reynolds stresses are present-
ed. The number of access for the database is about 2000 per
year so that it would contribute to develop a more accurate
turbulence model.

A paper about the three-dimensional characteristics of the
turbulence structures is published in Journal of the Earth
Simulator [8]. For instance, a motion of a passive material
line in EBL is visualized in Fig. 2. The material line is ini-
tially released from a vicinity of the wall (y* = 17). Figure 2
shows the state of the material line at * = 162 after the
release. A strong ejection event is observed in the oval A in

Fig. 2. If the advected spanwise distance is compared for the

e of turbulent Ekman layer
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Fig. 1 Database site on the turbulent Ekman layer at Tokyo University

of Science [7].
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Fig. 2 A motion of a material line after #* = 162 for Re = 400. The color

indicates the height from the bottom wall, gray to black, y* = 0 to
y* = 182. (a) Side view from left side of (b), (b) top view.



material line raised up to the outer region and the one stay-
ing in the vicinity of the wall, the distance of the former one
is smaller than that of the latter. This is because the spanwise
mean velocity is larger in the vicinity of the wall than in the
outer region. In fact, the spanwise movement of the material
line near the wall in the oval A is roughly equal to the prod-
uct of the mean spanwise velocity and the elapsed time.
Therefore, the inclination of the large-scale structure is
caused by the combination of the strong ejection and the
three-dimensional mean velocity profile.

3. Large eddy simulation for urban turbulent boundary

layer

Large eddy simulation for urban turbulent boundary layer
has been carried out. In order to construct an urban numeri-
cal model, we introduce various shapes of rectangular blocks
and distribute them on a flat plate. For the spatially develop-
ing type of boundary layers, the quasi-periodic boundary
method using the re-scaling concept was applied to the inlet
boundary conditions. Details of unsteady flows in the near
wall region were examined, especially focusing on the
coherent structures of atmosphere-like turbulence over the
roughness blocks as well as fine structures of canopy flows
near the ground surface (a typical turbulence structures over
and within the forest canopy can be seen in Fig. 3). The
computed turbulence statistics were compared with the pre-
vious experimental data and the numerical accuracy has
been confirmed. Various physical parameters such as rough-
ness length and zero displacement were estimated for very
rough-wall turbulent boundary layers. New similarity con-
cept for turbulent boundary layer over urban-like very large-

scaled roughness was introduced and fully discussed. The
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Fig. 3 Instantaneous turbulence structures over and within the forest

canopy.
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Fig. 4 Time variations of streamwise velocity and Reynolds shear stress
above the vegetation.
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information obtained by LES will be utilized to solve the
recent environmental problems such as air pollution and heat
island in the urban area, also to establish the secure and safe
society against the hazardous gasses at the center of city.

We also have carried out LES for the turbulent boundary
layer over the forest and turbulence structures over and with-
in the vegetation canopy are investigated. Figure 4 shows the
time variations of streamwise velocity and Reynolds shear
stress above the vegetation. The information concerning the
flows in forest was provided for estimating the CO, absorp-

tion or the airborne pollen among trees.

4. Detached eddy simulation (DES) for wake flow fields

of a wind turbine

Wake flow fields of a wind turbine have not been less
well understood because there are very complex structures
of turbulent flow fields around a wind turbine blade. In order
to elucidate structure of wake and construct a numerical
wake model, the flow field is calculated with a Detached-
Eddy-Simulation (DES) in this study. DES is a method for
predicting turbulence in computational fluid dynamic simu-
lations by coupling RANS methods for the boundary layer
and LES for the free shear flow. The object of this simula-
tion is the flow around rotating NREL PhaseVI wind turbine
blade. Simulation results are compared with experimental
data by NREL. The simulated wind turbine is upwind type
with two blades which has a diameter of about 10 m and
operates at wind speeds of 7 m/s, 10m/s, 20m/s. As setting a
computational domain, it was important to consider extent of
computational domain and its fineness because effects of
wake is propagated far away from the rotor blade and the
resolution of wake is strongly affected by fineness of com-
putational domain especially in downstream of the rotor. A
single block grid is used in present study. Since the wind tur-
bine has 2 blades in this case, the domain is chosen to con-
sist of half a sphere. Only one of the blades is explicitly
modeled in the simulation. The remaining blade is accounted
for using periodic boundary conditions, exploiting the 180
degrees symmetry of the two-bladed rotor. Uniform flow, U,
corresponding to the wind speed is prescribed in the x-direc-
tion. The blade rotates about the x-axis. The outer boundary
of the computational domain is located 2 rotor radii away
from the center of rotation. The Grid is consisting of 301
grid points along the airfoil surface (§-direction), 130 grid
points perpendicular to the airfoil surface (n-direction), and
257 grid points along the span direction (&-direction). The
total number of grid points is about 10 million. Ay+ is set to
take a value of approximately 1.0 along the entire blade sur-
face. No wall model is used. As one of the simulation results
in the vicinity of the blade, Fig. 5 shows the pressure coeffi-
cient at each span-wise position for U = 10.0 m/s (A = 3.8).
The result of 2.3million grid points illustrates in the same
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Fig. 5 Pressure coefficient for U = 10.0 m/s.
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Fig. 6 Streamline and stream-wise velocity contours.

figure. 10 million grid points is good agreement with experi-
mental data. The streamlines and stream-wise velocity con-
tours for U = 10.0 m/s and U = 20.0m/s cause in wake flow
of the wind turbine can be seen in Fig. 6. There are com-
pletely different in two cases. There are very complex struc-
tures behind the blade. Especially for U = 20.0 m/s, figure

shows that the strongly vortex structure is borne on the flow.

5. Summary

Several basic researches are carried out in direct numerical
simulations for turbulent flows where new information are
derived and will contribute to the turbulent modeling for
applications. Additionally, the application for wind turbines is
found to be available for developing new trend of machines in
the frame of giant simulation with the Earth Simulator.
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